Abstract. Most of the existing multi-MW nacelle test benches (NTB) measure the MN·m torque before load application system (LAS) to reduce the cross-talk effect of the multi-component forces and bending moments on torque measurement. This means that the friction torque of the LAS reduces the applied torque and consequently directly determines the input torque on the device under test (DUT). Therefore, the knowledge of the friction torque is necessary for the precise experimental investigations (e.g. efficiency measurement). At the beginning of this paper, a Computational Fluid Dynamics (CFD) simulation method for the determination of the friction torque of the LAS, which is suspended by hydrostatical plain bearings, is introduced. Subsequently, this method is validated with experimental results. Afterwards the friction torque of the LAS is quantified under different operation conditions (e.g. variation of rotational speed, multi-component load and temperature). Finally, the influence of the quantified friction torque on the uncertainty of the MN·m measurement is compiled.
Motivation and Objectives
Input torque measurement in MN·m range is one of the most relevant operating parameters during the investigations on the multi-MW NTB. Precise measurement of MN·m input torque is essential for the determination of the drive train efficiency, power curve determination and estimation of energy yield, control of the nacelle test bench and validation of simulation models as well as evaluation of the drive train behavior during critical operation modes [1] . Nowadays, the uncertainty of the MN·m torque measurement is between 2 % and 5 % with respect to the measured value [2] . This can be attributed to the lack of calibration machines and calibration methods above 1.1 MN·m [3] as well as to the unknown system-dependent influences on the torque measurement. Such specific, system-dependent influences in the multi-MW NTB are multi-component loads (forces and moments in the range of MN and MN·m), parasitic loads due to assembly misalignments and control of the load application system (forces and moments in the range of kN and kN·m), deformations, temperature distribution and rotational speed of the drive train gravity forces as well as friction of the load application system (LAS) [4] [5]. Consequently, the MN·m torque measurement is not traceable according the metrological standards. Furthermore, current high measurement uncertainty does not meet the requirements of the industry and research facilities, which is in the range of 0.5 % for MN·m torque measurement with respect to the measured value [1] . To enhance the MN·m torque measurement accuracy a diversified consortium of suspension the hydrostatic plain bearings have lower friction torque, lack of stick-slip, lower deformation, longer life durability and higher reliability [17] .
Maximum rotational speed, torque, forces and bending moments, which can be applied with LAS and prime mover of the 4 MW NTB can be seen in the Figure 3 . Furthermore, this figure shows the operational loads of the LAS during investigations on the FVA nacelle [13] , which have been used as the input loads for the calculation of the LAS friction torque. The friction torque of LAS depends on the rotational speed of the main shaft, multi-component loads, which are applied on the DUT as well as the temperature of the lubricant of the plain bearings. Two parameters contribute to the LAS friction torque: friction of the elastomeric seals of the main shaft and friction in the hydrostatic plain bearings of the LAS.
Approach
The friction torque of the elastomeric seals has been estimated according to [7] under consideration of the rotational speed as well as shaft diameter and reaches a maximum of 322 Nm. The main focus of this paper is the determination of the contribution of the hydrostatic plain bearing to the overall friction. In this case, the experimental method as well as CFD simulation method have been used for the determination of the LAS friction torque.
Experimental method
For the experimental methods, the measurements of the breakaway torque of the Prime Mover (PM) and LAS (without DUT) have been executed. Additionally, the empirical equation for the determination of the friction torque of the plain bearings, which is based on the measurements by manufacturer, has been used.
The breakaway torque comprises the share of PM friction (cogging torque and roller bearings) as well as LAS friction (elastomeric seals and hydrostatic plain bearings). The measurement has been executed to approximately confirm the manufacturer value of the LAS breakaway torque. The breakaway torque has been determined without any additional operating loads by measuring the force that is required to rotate the main shaft of the drive train from standstill. Subsequently, to determine the breakaway torque, the measured forces have been multiplied by the distance to the axis of rotation. Twenty measurements under steady state temperature of 65 °C of the lubricant have been executed. The breakaway torque of the entire system (PM and LAS) could be determined to 747 ± 99 Nm. The manufacturer value of the LAS breakaway torque could be qualitatively confirmed with 341 ± 45 Nm. The measurements are reproducible if the temperature of the lubricant and consequently the lubricant density and viscosity are held constant.
Empirical equation of the manufacturer for the determination of the friction force of the single plain bearing (not entire plain bearing system) under 23 °C is available. In this case, the friction force depends on the normal force on the plain bearing, linear velocity as well as two fit constants. Figure 5 shows the comparison between the experimental approach and CFD method. The experimental approach has limitations, because it is valid only for one specific temperature: 23 °C, but it can be used best as a reference for this specific condition. The CFD method fits the experimental results well. In this case, the real geometry of the bearing as well as turbulence of the fluid have been considered, see Figure  5 , right. Subsequently, the CFD method has been used for further sensitivity analysis (temperature, rotational speed, loads), because of a fact that it can easily consider the influence of the real operation conditions and is close to the experimental reference.
Results
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Radial Bearing Axial Bearing In the next step, the sensitivity analysis has been conducted by variation of the temperature of the lubricant, rotational speed, and operating loads. The results are compiled in the Figure 6 .
The sensitivity analysis has shown that the friction torque decreases exponentially by the increase of the lubricant temperature. This can be attributed to the exponential relationship between the temperature and the dynamic viscosity of the used lubricant (0.048 Pa·s by 23 °C). The increase of the lubricant temperature by 10 °C leads to a decrease of the friction torque by about 285 Nm, see Figure 6 a).
The density and the dynamic viscosity of the plain bearing are influenced by the temperature. The relationship between temperature and lubricant density is linear according to the state of the art [15] . The dynamic viscosity decreases exponentially with higher temperature, e.g. according to the VogelWalter equations. This is the reason for the exponential decrease of the LAS friction torque with higher temperature. Consequently, the friction torque of LAS cannot be neglected because of the actual requirement on the MN·m torque measurement uncertainty of maximum 0.5 %. The introduced simulative methods can be adapted on different design principles of LAS and can be used to determine the friction torque of wind turbine plain bearings. In addition, by the accurate torque measurement it is possible to determine the efficiency of the wind turbine drive train or to compare different wind turbine designs more precisely.
